Introduction
In recent years, a number of photopolymers16) for recording high-resolution and high-diffraction efficiency phase holograms have been proposed. They are useful for optical elements, 3D-displays, printed matters for securities, and optical devices. We have developed the novel photopolymerizable materials for recording phase holograms consisting of lower-refractive index polymers, higher-refractive index monomers, plasticizers, photoinitiators, and photosensitive dyes. The materials have sensitivity from UV to green light and the sensitivities were less than 10 mJ/cm2. The diffraction efficiencies of the reflection phase holograms were more than 90%. The half widths of diffracted light were from 4 nm to 18 nm. In this paper, the compositions of photo-sensitive mixtures and experimental results for reflection phase holograms are presented.
Experiment 2.1 Photopolymerizable materials
The photopolymerizable materials used in this work were prepared by mixing the diallylphthalate prepolymer (DAPP) as lower-refractive index polymer, two functional acrylic monomers with 9,9-diaryllfluorene group (FDA) as higher-refractive index monomers, diethyl sebacate (DES) as plasticizer, 3,3',4,4'-tetra(tert-buthylperoxycarbonyl)benzophenone (BT1'B) as photoinitiator, and cyanine (CY) or merocyanine (MR) type photosensitive dyes. A small amount of acetone as organic solvents were used to dissolve the each components. Typical compositions of the photosensitive mixtures were given in Table 1 ., here, Wt(%) is the weight percentage and Nd is the refractive index of the compounds. SCI. Technol., Vol.14, No.2, 2001 2.2 Recording of reflection phase holograms The solution of the above materials was coated on a glass plate and dried at room temperature under the vacuum, then sandwiched with another glass plate. The thickness of the samples was adjusted using PET film as spacer. Ar ion laser (488 nm, 514.5 nm) were used for recording the reflection phase holograms with usual recording optical arrangement. After recording the holograms, no treating such as heat or post exposure of UV for fixing. The optical properties of holograms such as diffraction efficiency and half widths of diffracted light were measured by using JASCO spectrophotometer V-550.
3. Results 3.1 MR dye composition Figure 1 shows the relationships of the diffraction efficiency and half width for exposure with the materials consisting of DAPP as a polymer, FDA as a monomer, DES as a plasticizes, BTTB as a photoinitiator and MR as a photosensitive dye. The holograms were recorded by two beams from Ar ion laser (488 nm). The light intensity of each beam was adjusted to 1.0 mW/cm2. After the recording, white light was entirely irradiated to the holograms to carry out the fixation which is to decompose the residual dye or photo initiator and promote the polymerization of the unreacted monomers. The diffraction efficiencies were 48% at 10 mJ/cm2, 73% at 20 mJ /cm2 and 83% at 30 mJ /cm2, respectively. Thus, the sensitivity of this material was quite high for the 488 nm light. The half widths of these holograms were form 4 nm to 6 nm. The half widths and diffraction efficiency changed by the post heat process at 100 °C for 60 minutes, as indicated the opened marks in Figure 1 . Furthermore, this hologram was not dissolved in organic good solvents, such as acetone, toluene and tetrahydrofuran. From these results, it is confirmed that the recorded interference pattern are quite stable.
CY dye composition
The record ability for Ar ion laser of 514.5 nm was also confirmed with the above same compositions. However, the sensitivity of this material was very low and it had no sensitivity until 40 mJ/cm2. Then, instead of using MR dye, CY dye was adopted. Figure 2 shows the relationships of the diffraction efficiency and half width for exposure. The materials were consisted of above same components except for photosensitive dye. The holograms were recorded by two beams from Ar ion laser (514.5 nm). The diffraction efficiencies were 60% at 5 mJ/cm2, 80% at 10 mJ/cm2 and 92% over at 30 mJ/cm2 or above, respectively. Thus, maximum diffraction efficiency and sensitivity of this material was better than that of MR type photosensitive dye. Half widths of the diffracted light were from 5 nm to 9 nm. In the record using Ar ion laser of 488 nm, this sensitizer also showed a good sensitivity. The diffraction efficiencies were 69% at 10 mJ/cm2, 88% at 20 mJ/cm2 and 90% at 80 mJ/cm2, respectively. The half widths were about 6 nm. Thus, this sensitizer had the good property for two light sources. The results were shown in Figure 3. 
The concentration effects of photosensitive dye
The concentration effects of photosensitive dye as 0.05, 0.1, 0.2, 0.4 wt.% were investigated in order to know the change of efficiency and half width. Ar ion laser of 514.5 nm was used for recording with also the compositions consisting of DAPP as a polymer, FDA as a monomer, BTTB as a photoinitiator and MR as a photosensitive dye. Figure 4 shows the relationships of the diffraction efficiency and half width for exposure. As the dye concentration was changed, above all optical property, especially half The recorded pattern in a hologram was observed by means of TEM. The hologram was recorded by Ar ion laser (488 nm) in transmission type, the diffraction efficiency was 73% and the thickness was 16 u m. Figure 5 shows a vertical section of the sample which was colored by lutenium acid and the interference pattern was clearly observed. It is considered that the coloring agent is linked with the region of which the residue unsaturated monomers are rich more than the region of which the polymers are rich.
Conclusion
The photopolymerizable materials for recording reflection phase holograms were described. They are composed of lower-refractive index polymers, higher-refractive index monomers, plasticizers, photoinitiators, and photosensitive dyes. These materials were found to be high-sensitivities (less than 10 mJ/cm2), high-diffraction efficiency (more than 90%). The half widths were from 4 nm to 18 nm. Also, we showed the recorded interference pattern in a hologram by means of TEM. The above optical characteristics were considerably good. Furthermore,
